Epidemiologic studies have suggested that higher consumption of white rice (WR) is associated with increased risk for type 2 diabetes mellitus. However, it is unclear whether substituting brown rice (BR) for WR can improve metabolic risk factors. A total of 202 middle-aged adults with diabetes or a high risk for diabetes were randomly assigned to a WR (n = 101) or BR group (n = 101) and consumed the rice ad libitum for 16 wk. Metabolic risk markers, including BMI, waist circumference, blood pressure, glycated hemoglobin, and serum lipid, glucose, and insulin concentrations were measured before and after the intervention.
Introduction
Owing to a rapid nutrition transition and increasing epidemic of obesity over the past few decades, T2DM 12 has become a major public health challenge in China (1) . A recent national diabetes survey estimated that the age-standardized prevalence rates of diabetes and prediabetes were 9.7 and 15.5%, respectively (2) . The dramatic rise in the prevalence of diabetes is expected to result in a serious economic burden for China due to escalating costs of treatment, hospitalization, and management of complications (3) . With a limited infrastructure for diabetes care, China is ill equipped to deal with this epidemic. Because lifestyle changes are being driven by economic development and rapid urbanization, it is imperative to identify effective and simple lifestyle intervention strategies to reduce the risk of T2DM. Rice is a traditional staple food in China and other Eastern Asian countries. The mean daily consumption of rice is 238.3 g/ capita, which accounts for .30% of daily energy in the Chinese population (4) . Because of advanced technologies used in the agricultural sector and food industry during the last century, refined grains (e.g. WR) are widely available in the markets of both developed and many developing countries, including China (5) and India (6) . Compared with BR, highly polished WR contains little dietary fiber, magnesium, and phytochemicals, all of which are potentially protective against diabetes (7) (8) (9) . Several cohort studies have shown that higher WR intake is associated with increased risk of diabetes. For instance, a report from the Shanghai Women's Health Study indicated that individuals with greater WR consumption had a significantly elevated risk of T2DM (10) . This result was confirmed by a prospective study conducted in Japan (11) . On the other hand, BR, which is a whole grain, has been suggested to be associated with a lower diabetes risk among U.S. adults (12) . In addition, a 14-wk pilot trial using a crossover design in 11 Japanese participants found that consumption of pregerminated BR ameliorated blood glucose and lipid concentrations compared with WR (13) . In the current randomized intervention study, we aimed to investigate the effect of replacing WR with BR on metabolic risk factors.
Methods
Participants. Participant screening was conducted in a large university in Shanghai by reviewing annual physical examination data collected in 2009. Faculty and staff with MetS were invited to participate in this study. The definition of MetS was based on the updated National Cholesterol Education Program Adult Treatment Panel III criteria for Asian Americans (14) . Participants were eligible if they presented at least 3 of the following components: 1) waist circumference $ 90 cm in men or $ 80 cm in women (defined as central obesity); 2) TG $ 1.7 mmol/L (defined as elevated TG); 3) HDL cholesterol , 1.03 mmol/L in men or , 1.30 mmol/L in women (defined as reduced HDL cholesterol); 4) blood pressure $ 130/85 mm Hg (defined as elevated blood pressure), previously diagnosed hypertension, or using antihypertensive medications; or 5) fasting glucose $ 5.6 mmol/L (defined as elevated fasting glucose), previously diagnosed diabetes, or using hypoglycemic agents. Individuals with a history of severe kidney disease, cardiovascular disease, stroke, cancer, or psychological disorders as well as pregnant or lactating women were excluded.
A total of 4133 faculty and staff members from the university were screened and 752 of them were considered eligible based on the 2009 physical examination data and were invited to participate by mail. A total of 249 participants responded to the invitation and attended a subsequent face-to-face screening session, during which disease history and time management for the intervention were evaluated and the degree of participant commitment to the study protocol was further assessed. Forty-seven respondents did not meet the inclusion criteria (busy schedule: n = 40; history of cardiovascular disease: n = 4; history of cancer: n = 1; history of kidney disease: n = 2) and were further excluded. After these exclusions, a total of 202 participants was randomly assigned (stratified by sex and 5-y age category) to a WR or BR group (Supplemental Fig. 1 ). The study protocol was approved by the Institutional Review Board of the Institute for Nutritional Sciences, Chinese Academy of Sciences. Each participant provided written informed consent.
Study design. The present study was a parallel, randomized, 16-wk dietary intervention trial. The sample size of this study was determined on the basis of a previously published, 16-wk, whole grain intervention on cardiovascular risk markers in which significant beneficial effects on glucose, insulin, and homocysteine concentrations and lipid peroxidation were observed (15) . Therefore, the sample size calculation was based on a mean (6 SD) difference in fasting glucose of 0.6 6 1.0 mmol/L, assuming 80% power and a 5% significance level. The needed total sample size was 88. To allow a dropout of 10% over the trial period, we aimed to recruit 200 participants. The 2 types of rice used in this study were from the same batch and the WR was produced by further milling the BR. The rice:water ratios were 1:1 and 1:1.25 in weight for WR and BR when cooked, respectively. The BR was soaked in water for at least 1 h prior to cooking based on findings from our pilot study (16) . Both types of rice were steamed in the same steam box in the university cafeteria under a pressure of 0.3 MPa and the cooking time was~75 min. A standard cooking protocol was used and the entire procedure was supervised by a dietitian throughout the study.
The cooked rice was packaged into 225-g servings (equivalent to 100 g uncooked rice) and provided to the participants at designated campus cafeterias during the lunch hour from Mondays to Fridays. The participants took the cooked rice home for dinner and meals on Saturdays. They were encouraged to eat ad libitum and were permitted to consume other staple foods only on Sundays. Participants were instructed to maintain their usual dietary pattern regarding other food selections. Although it was not possible for participants to be unaware of their assignment due to the obvious differences in appearance and texture between BR and WR, all the researchers not directly in contact with study participants (dietitians, laboratory technicians, and statisticians) were unaware of group allocations.
Compliance was monitored by researchers by weighing leftovers in the cafeteria and was calculated as the frequency of consumption of the prescribed type of rice divided by the frequency of consumption of total staple carbohydrates throughout the intervention. Electronic scales were provided to all participants to record the amount of rice they consumed at home.
Nutrient values testing.
The nutrient values of the WR and BR ( Table  1) were measured at a nutrition institute in Beijing, China according to standardized analytical methods (17) . glucose. IAUC was calculated by ignoring the area beneath the fasting level (18, 19) . The GI value for each type of rice was the arithmetic mean of all the individual GI values for the same sample. The GI values of WR and BR were 63 and 59, respectively, which were comparable to those previously reported (64 6 7 vs. 55 6 5; P = 0.53, with glucose as reference) (20) .
Measurements. At baseline and at the end of the intervention, data were collected on demographic variables, physical activity (International Physical Activity Questionnaire, short last 7-d format), lifestyle, health status, history of disease, and medication use through a standardized questionnaire. Dietary intake, based on a 3-d diet record, was obtained at baseline and every 4 wk during follow-up. At baseline, body weight and height were measured in light indoor clothing without shoes to the nearest 0.1 kg and 0.1 cm, respectively. BMI was calculated as weight in kilograms divided by height in meters squared (kg/m 2 ). Waist circumference was obtained at the mid-point between the lowest rib and the iliac crest to the nearest 0.1 cm after inhalation and exhalation. Blood pressure was measured on the right arm using an electronic blood pressure monitor (Omron HEM-7000, Dalian) with participants in a comfortable seated position after at least a 5-min rest. After an overnight fast, blood samples were drawn once from each participant under standardized conditions by health professionals in the same room and between 0730 and 1100. After centrifugation at 48C and 1091 3 g for 15 min, serum samples were divided into aliquots and stored at 2808C until laboratory analysis. All examinations and sample collections were completed within 2 consecutive days and repeated at the completion of the 16-wk intervention.
Serum glucose, total cholesterol, HDL cholesterol, LDL cholesterol, and TG were measured by using commercial kits from Wako Pure Chemical Industries. All of the above assays were performed on an automatic analyzer (Hitachi 7080) within 2 consecutive days. Glycated hemoglobin was quantified from resolved erythrocytes using an automated immunoassay (Roche Diagnostics). Serum insulin concentrations were determined by a sandwich ELISA (Linco Research). Insulin resistance was calculated using the Homeostasis Model Assessment of Insulin Resistance method (21) . The intra-and inter-assay CV for all of the measurements were ,10%.
Statistical methods. The analyses were performed according to the intention-to-treat principle. Baseline characteristics of the 2 groups were compared using Student's t test, Wilcoxon's signed-rank test, or Pearson's x 2 test when appropriate. Within-group differences were compared using the paired Student's t test. The significance of between-group differences in changes over time was assessed by a linear regression model with treatment (BR vs. WR), baseline measurements, and changes in body weight, physical activity, and consumption of fat, fruits, and dairy products as covariates.
At the end of the 16-wk study period, the proportion of participants who no longer met the criteria for MetS and its components was calculated. Differences in the reversion rate of MetS and its components were assessed using logistic regression analysis with the WR group as the reference. The completer analysis, as well as subgroup analyses stratified by MetS, diabetes, hypertension, dyslipidemia, and central obesity, was also performed. Data were analyzed using Stata (version 9.2) and SAS (version 9.1.3; SAS Institute) and a 2-sided P , 0.05 was considered significant.
Results
Baseline characteristics. After randomization, the 2 groups were fairly balanced with respect to major characteristics ( Table  2) . However, participants in the WR group had a significantly higher prevalence of diabetes and antihypertensive agent use compared with individuals in the BR group. Six participants in the WR group withdrew due to a busy schedule (n = 4), loss of interest (n = 1), or intervention-unrelated stroke (n = 1). Three participants in the BR arm dropped out because of a busy schedule (n = 1) or intervention-unrelated heart disease (n = 2).
Thus
Dietary intake and physical activity levels. Based on the frequency ratio of consumed prescribed rice and total staple food calculated from the diet record, dietary adherence was deemed excellent, with mean adherences of 90.9 6 17.1 and 88.7 6 23.2% for WR group and BR group, respectively (P = 0.20). Participants in the BR group reported a lower intake of carbohydrates and dairy products and a marginally lower intake of fruits (P = 0.06) but higher intake of dietary fiber during follow-up compared with individuals in the WR group 4 Overweight is defined as BMI $24 kg/m 2 . 5 Diabetes is defined as fasting glucose $7.0 mmol/L or having been diagnosed as diabetic or using hypoglycemic agents. 6 Hypertension is defined as elevated blood pressure or having been diagnosed as hypertensive or using antihypertensive agents. 7 Dyslipidemia is defined as LDL cholesterol $ 3.3 mmol/L or reduced HDL cholesterol or elevated TG or having been diagnosed as dyslipidemic or using lipid-lowering agents.
Brown rice trial on metabolic risk factors 1687 (Supplemental Table 1 ). The consumption of other dietary components was not significantly different between the 2 groups during the intervention. By the end of the study, although reported physical activity level decreased significantly from baseline in the BR group, the between-group difference was not significant.
Anthropometry and blood pressure. Body weight decreased significantly from baseline in the BR group, although the between-group difference in BMI change was not significant ( Table 3) . After the 16-wk intervention, blood pressure declined significantly from baseline in both groups, but the betweengroup difference was not significant.
Glycemic control and insulin sensitivity. Neither intervention affected fasting serum glucose, insulin, or the Homeostasis Model Assessment of Insulin Resistance (Table 3) . Although glycated hemoglobin unexpectedly increased from baseline in both groups, the between-group difference was not significant.
Serum lipids. Participants in the WR group had significant reductions in serum total cholesterol, LDL cholesterol, and HDL cholesterol but an increased total:HDL cholesterol ratio compared with baseline values (Table 3) , whereas there were no changes in the BR group. The between-group difference in the change in serum LDL cholesterol was significant, but that in the serum total:HDL cholesterol ratio was not.
The prevalence of MetS and its components. The prevalence of MetS and its components did not differ between the 2 treatment arms at baseline or the end of the study. The reversion rate of reduced serum HDL cholesterol was marginally higher in the BR group (14.9%) than in the WR group (6.9%) (P = 0.07) (Supplemental Table 2 ).
Completer and subgroup analyses. We conducted several post hoc analyses among the completers and the participants with and without MetS, diabetes, hypertension, dyslipidemia, and central obesity at baseline. Most of the analyses confirmed the intention-to-treat results, except that among participants with diabetes at baseline the reduction in diastolic blood pressure was greater in the BR group [-8.65 The interactions between treatment and diabetes at baseline were significant for changes in diastolic blood pressure and serum LDL cholesterol (P-interaction = 0.02 and 0.002 for changes in diastolic blood pressure and serum LDL cholesterol, respectively).
Discussion
In this 16-wk randomized, controlled trial, substituting BR for WR did not lead to substantial improvements in metabolic risk factors. We observed a benefit of the BR intervention on diastolic blood pressure among participants with diabetes, but results from this post hoc subgroup analysis should be interpreted with caution.
As a staple food in Asian countries, higher WR intake has been associated with increased risk of diabetes and MetS (10, 11, 22) . In the Shanghai Women's Health Study, women who consumed $300 g WR/d had a 78% greater risk of developing T2DM compared with women who consumed ,200 g WR/d (10) . A prospective study conducted in Japan also found that higher WR intake was associated with an increased risk of T2DM in women: the OR for the highest compared with lowest quartile of intake ($437 g/d vs. #278 g/d) was 1.65 (95% CI = 1.06 to 2.57; P-trend = 0.005), whereas the association was not significant in men; the OR for the highest compared with lowest quartile (.560 g/d vs. #315 g/d) was 1.19 (95% CI = 0.85 to 1.68; P-trend = 0.32) (11). Another observational study in U.S. adults with fairly low rice consumption also reported that people with higher WR consumption had an increased risk of incident T2DM, and replacing WR with BR was associated with a decreased risk of developing T2DM (12) .
The main difference between BR and WR lies in the processing procedure, during which most of the bran and germ are removed (23) . These parts of the grain contain many protective factors for diabetes and cardiovascular disease risk, such as fiber, vitamins, magnesium and other minerals, lignans, phytoestrogens, and essential fatty acids (24) . Insoluble fiber is a major constituent in BR responsible for lowering postprandial blood glucose concentrations (7) and rice bran oil was also shown to reduce total cholesterol concentrations (25) . Increased intake of trace elements and B vitamins abundant in BR may also confer protection against diabetes and metabolic disorders (26) (27) (28) (29) . Moreover, BR has been shown to increase large bowel SCFA (30) , which might have beneficial effects on body weight, insulin sensitivity, and glucose tolerance (31) . According to the nutrient composition analysis of the rice sample used in this study, the complete milling and polishing that converts BR into WR eliminated 50% of the fiber, 84% of the magnesium, 74% of the manganese, 80% of the thiamin, 85% of the vitamin B-6, and 69% of the total MUFA and PUFA. Based on these observations, we hypothesized that substituting BR for WR would reduce metabolic risk factors. The failure to observe significant beneficial effects of BR may be due to several reasons. First, the statistical power to distinguish betweengroup differences might be diminished owing to improvements in risk factors such as body weight and blood pressure observed in both BR and WR groups. Second, because bran and germ account for only 5-8% of the whole rice kernel weight (32) , the benefits of BR consumption may not be detected in a short-term study such as ours. Third, the higher proportion of diabetic individuals in the WR group than the BR group might also contribute to the unexpected outcomes due to potential medication use and lifestyle changes among diabetic patients.
Two recent short-term interventions did not find significant benefits of substituting whole grains for refined grains on fasting glucose, insulin, and blood lipids (33, 34) . However, in a study conducted by Tighe et al. (33) , consumption of 3 portions/d of whole-grain foods (provided as only wheat or a mixture of wheat and oats) for 12 wk significantly reduced systolic blood pressure and pulse pressure by 6 and 3 mm Hg, respectively, compared with the control group. In our study, the benefit of substituting BR for WR on blood pressure was observed only among individuals with diabetes.
Unexpectedly, we observed a significant reduction in serum total and LDL cholesterol in the WR group but not in the BR group. However, this effect was observed only among individuals with diabetes. Because there was a higher prevalence of diabetes in the WR group than the BR group, this result may be affected by imbalance between the 2 groups at baseline and thus should be interpreted with caution. Because serum HDL cholesterol was also reduced in the WR group, the change in the total: HDL cholesterol ratio did not significantly differ between the 2 arms. Nonetheless, it remains unclear whether changes in serum lipids in the WR group were due to chance or changes in other components of the diet or lifestyle factors as a result of being enrolled in the trial.
Because BR is seldom available in Chinese markets (16) , to some extent participants might make changes to their eating habits as a consequence of being unaccustomed to BR. For example, 13 participants in the BR group complained that they reduced staple food consumption because of the unfamiliar texture of BR and increased their frequency of snack intake accordingly. Furthermore, participants in the BR group had significant reductions in physical activity levels, dairy intake, and a marginal decrease in fruit intake. These changes may have offset the health benefits of BR.
Epidemiologic studies have provided convincing evidence that a higher dietary GI is associated with an increased risk of T2DM (35) . Several metabolic studies have assessed the GI of BR vs. WR. A Japanese study showed that the IAUC for 120 min was significantly lower after consumption of BR compared to WR. However, the postprandial blood insulin responses were not different (36) . The GI values of the WR and BR in this study were similar, which is consistent with previous studies in Australia (37) and China (38) . The lack of appreciable difference in GI values could be another important issue contributing to the lack of significant findings in the current study. In this regard, it is critical to minimize the GI value of BR whenever possible in future studies. One feasible way to achieve this goal is to use a variety of BR containing a high proportion of amylose (37) . Combining BR with low-GI legumes (e.g. beans) or other intact whole grains (e.g. barley) would also be a potential alternative (15) .
To the best of our knowledge, this is the first randomized, controlled, intervention study to determine the effects of replacing WR with BR on metabolic risk markers. BR and WR were prepared and cooked in a standardized manner according to results from our pilot study (16) and given to participants for lunch at designated cafeterias, which might have improved compliance. The dropout rate (4.5%) in our study was fairly low.
There are several limitations of our study. First, the power to detect any between-group differences was reduced as a result of favorable changes in several risk factors in the control group. Second, due to the disparity in results between screening based on the university-wide health checkup and the baseline physical examination, not all study participants met the criteria for MetS, although the majority (91%) had at least 2 components of MetS. Third, the duration of this study, although fairly typical for diet interventions, might have been insufficient to detect meaningful changes in clinical indices, especially for body weight and waist circumference. Finally, the compliance for dinner and weekends was difficult to monitor and verify without readily available biomarkers, although compliance with the BR intervention was enhanced by providing rice for free to the participants during lunch.
In conclusion, substituting BR for WR for 16 wk was not associated with a substantial improvement in metabolic risk factors among people with diabetes or at high risk for diabetes. More studies with larger sample sizes, longer durations of follow-up, and different varieties of rice are needed to further investigate the effects of BR on diabetes risk.
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